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Abstract 

Carbon-based nanomaterials, including carbon nanotubes and graphene, have created great 

attention in the scientific community for their unique physico-chemical properties, which 

could be also promising in many biomedical-related fields. In particular, their low 

cytotoxicity, achieved when properly functionalized, along with the possibility to link 

multiple bioactive molecules, realistically allows envisaging their potential use as therapeutic 

platform. In this context, the immune system and immune responses play an important role in 

our organism, as they are involved either directly or indirectly in many diseases. Therefore, 

the possibility to prevent or block a disease by controlling and/or modulating the immune 

responses has become one important task in nanomedicine. In this feature article the 

advantages to use carbon-based materials in immunotherapy are presented. Important goals 

obtained using carbon nanotubes and graphene are described, highlighting the promising use 

of these nanomaterials in cancer treatment, imaging and vaccine development. The capacity 

of functionalized carbon nanotubes to modulate the immune responses is also discussed, 

highlighting the current state of the art and the future developments on this subject. 
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Introduction 

In the recent years, nanotechnology is gaining great interest in the field of medicine, due to 

the unique characteristics of nanomaterials, promising tools as drug delivery system or 

contrast agent for imaging.1,2 Immunotherapy is one important branch of medicine dealing 

with the induction, the enhancement, or the suppression of an immune response. Our immune 

system is designed to recognize and neutralize foreign antigens or exogenous molecules. The 

identification of antigens is assured by the antibodies that recognize specific receptors present 

on the surface of the cells. The specific antigen-antibody affinity is widely exploited in 

immunotherapy for the recognition of particular types of cells. One of the first applications of 

antibodies in medicine was associated to the development of new vaccines, which are 

engineered to mimic antigens and induce an immune response in a host to prevent diseases, 

including infectious diseases. In the case of cancer, particular proteins are overexpressed on 

the surface of cancer cells and the use of specific antibodies to target them allows imaging of 

cancer cells and opens possibilities for anticancer treatment. 

Carbon nanotubes (CNTs) have been described at the atomic level for the first time in 1991 

by Iijima.3 They can be classified as single-walled CNTs (SWCNTs) and multi-walled CNTs 

(MWCNTs), depending on the number of graphene shells coaxially arranged to form the 

tubes (Figure 1A). Since their discovery, CNTs were intensively investigated due to their 

particular physico-chemical properties in many scientific fields, like electronics, sensing, 

composite materials science, nanobiotechnology.4 In particular, their ability to cross 

biological barriers promoted their study in nanomedicine.5 The isolation of graphene is more 

recent.6 Graphene is a two dimensional material formed by a single layer of sp2-bonded 

carbon atoms with outstanding electronic, mechanical, and optical properties associated to a 

high specific surface area, thus making it a promising tool in nanotechnology. A derived 

graphene nanomaterial is graphene oxide (GO). GO is currently widely exploited in particular 

in the field of nanomedicine, as biosensor or drug delivery system. The presence of 

oxygenated functions such as hydroxyl, epoxy, carbonyl, and carboxyl groups enhances the 

dispersibility of GO in water and offers the possibility to further functionalize its surface (Fig. 

1B).7 
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Figure 1. Transmission electron microscopy (TEM) images of MWCNTs (A) and graphene 

oxide (B). 

 

The intrinsic capability of nanomaterials to accumulate in the tumor, due to the enhanced 

permeability and retention (EPR) effect, renders them appealing candidates in the treatment of 

cancer by immunotherapy.8 In this context, carbon-based nanomaterials (e.g. carbon 

nanotubes and graphene) have recently attracted great interest in the field of 

nanomedicine9,10,11,12 and due to their physico-chemical features they are considered emerging 

candidates in the field of immunotherapy. One important characteristic is the possibility to 

multifunctionalize their surface to impart multiple functionalities via covalent or non-covalent 

modification13,14,15 or a combination of the two.16 For example, it is possible to increase the 

solubility of the material using a hydrophilic chain like triethylene glycol (TEG) or 

polyethylene glycol (PEG).17,18,19 They can also be conjugated to a drug and/or a specific 

targeting moiety.20 Moreover, functionalization allows minimizing cytotoxicity21 and 

immunogenicity.22,23 In this direction we recently studied the impact of different types of 

functionalization on mice.21 High levels of inflammatory reaction were observed in C57Bl/6 

mice when long unmodified or alkylated CNTs were intraperitoneally injected. On the 

contrary, short CNTs functionalized with an amino-terminal TEG chain induced no 

inflammation, revealing the importance of CNT length and surface decoration as crucial 

parameters to consider when designing novel carbon nanotube-based therapeutic tools. 

Additionally, the degree of CNT functionalization was also analyzed as it can influence the 

biodistribution and excretion profile.24 

In this feature article, we present the most relevant studies describing the use of carbon-based 

materials in immunotherapy and their effects on the immune system. Initially, the possible 

application in nanomedicine will be discussed highlighting some examples in cancer 

treatment, imaging and vaccination in which carbon nanomaterials were successfully used 
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exploiting their interaction with the immune system after appropriate functionalization. Then, 

we will describe the effect of carbon-based nanomaterial on the immune system. 

 

Cancer immunotherapy 

The development of new drug delivery systems for the treatment of cancer is one of the most 

investigated challenges in nanomedicine nowadays. The possibility to use antibodies to 

specifically recognize and target tumor cells is an interesting approach and different 

nanocarriers have been studied so far.1 The use of carbon nanotubes to carry antibodies gives 

some important advantages. The combination of the targeting properties of antibodies with the 

intrinsic capability of CNTs to absorb near infra-red (NIR) light for photothermal therapy, or 

the possibility to multifunctionalize CNTs with different therapeutic cargos are only some 

examples (Table 1). 

 

Table 1. Characteristics of CNT and graphene conjugates used for cancer immunotherapy. 

Type of carbon 
nanomaterial 

Bioactive molecules Functionalization In vitro studies In vivo studies Reference 

SWCNTs 
Anti-HER2 and  

anti-IGF1R 
Non-covalent MCF-7 cells ‒ 25 

SWCNTs Anti-HER2 Covalent SK-BR-3 cells ‒ 26 

SWCNTs RFB4 and RFT5 Non-covalent 
Daudi cells and 

PBMCs 
‒ 27, 28 

MWCNTs H22p Covalent ‒ BALB/c mice 29 

SWCNTs CpG Non-covalent 
BMM and GL261 

cells 
C57BL/6 mice 31, 33 

GO and sGO CpG Covalent RAW264.7 cells ‒ 34 

SWCNTs SOCS1-siRNA Covalent 
Bone marrow-

derived DC 
C57BL/6 mice 35 

SWCNTs anti-P-gp/doxorubicin Covalent 
K562S and K562R 

cells 
‒ 37 

SWCNTs anti-GITR Non-covalent ‒ C57BL/6 mice 38 

 

Different studies demonstrated the enhanced effect in the conjugation of targeting antibodies 

to CNTs, followed by photothermal treatment by NIR irradiation. One of the first examples 

was reported in 2007 by the group of Panchapakesan.25 In this study, 1-pyrenebutanoyl 

succinimide was non-covalently attached by π-π interactions on the surface of SWCNTs. 

After grafting a PEG chain to increase the dispersibility of the material, the antibodies were 

linked to pyrene via the reaction with a succinimide moiety (Figure 2A). Two mouse 

monoclonal antibodies (anti-HER2 and anti-IGF1R) were chosen for their ability to 

specifically recognize human endothelial receptor 2 (HER2) and insulin-like growth factor 1 

receptor (IGF1R), respectively. These two receptors are overexpressed in a broad number of 
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cancer cells and they can be considered potential markers for tumor. SWCNTs functionalized 

with fluorescently labeled anti-HER2 or anti-IGF1R were incubated into MCF-7 breast cancer 

cells. Already after 30 minutes, a high cellular uptake of the conjugates was observed 

confirming the effective targeting mediated by the antibodies. MCF-7 cells, that internalized 

both anti-HER2-CNTs and anti-IGF1R-CNTs, were irradiated using NIR light (808 nm) to 

induce cell death. The thermal ablation effect was particularly effective on the cells targeted 

by the nanotubes functionalized with the combination of the two antibodies. 

Similar results were achieved by Xiao et al.,26 but in this case the authors attached covalently 

the anti-HER2 antibody to oxidized SWCNTs after activation of the carboxylic groups 

(Figure 2B). SK-BR-3 breast carcinoma cells, over-expressing HER2 receptor, were 

incubated with the antibody-CNTs and, differently from the previous study, CNTs were found 

localized only on the cellular membrane and not internalized inside the cells. The subsequent 

NIR irradiation at 808 nm caused extensive cell death only in the cells treated with the 

antibody-CNTs and not in the cells incubated with CNTs lacking the antibody or without 

CNTs. 

By exploiting a synthetic approach similar to that described by Panchapakesan and 

coworkers,25 the group of Vitetta reported the non-covalent functionalization of SWCNTs 

with DSPE-PEG(2000)-biotin (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[biotinyl(polyethyleneglycol)2000]).27 Before attaching the antibody to biotinylated-CNTs, 

neutralite avidin was firstly activated and coupled to the two thiolated specific IgGs: RFB4, a 

mouse IgG anti-human CD22, and RFT5, a mouse IgG anti-human CD25. The strong affinity 

between biotin and avidin allowed linking the antibodies to CNTs (Figure 2C). The 

conjugates were then incubated with cells expressing the specific receptors, CD22 or CD25 

(Daudi cells and peripheral blood mononuclear cells, PBMCs, respectively). Targeted cells 

were then exposed to NIR irradiation at 808 nm to trigger cell death by thermal ablation. 

Similar results were reported later by the same group,28 investigating a covalent approach to 

functionalize oxidized SWCNTs with RFB4 and RFT5 IgGs. These results highlight the 

efficacy of using CNTs conjugated with antibodies to specifically target cancer cells and the 

relevance of this approach in nanomedicine. 

In 2008, the group of Yang reported the potential of CNTs for the immunotherapeutic 

treatment of cancer in vivo.29 The purpose of this work was to study the possibility to enhance 

the anticancer immune reaction of tumor cell vaccines (TCV) by using CNTs as delivery 

system. For this purpose, oxidized MWCNTs were covalently conjugated to tumor lysate 

proteins (H22p), a mixture of various tumor proteins derived from mouse H22 liver cancer. 
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One week after inoculation of H22 cancer cells, BALB/c mice were treated with TCV and 

H22p-CNTs. After 90 days, about 55% of the mice were cured from cancer when treated with 

H22p-CNTs. This value was significantly higher than the control mice group treated with 

only TCV or a mixture of TCV and H22p (37.5% of cured mice in both cases) and the control 

with TCV and CNTs lacking H22p (45.6% of cured mice). Splenic lymphocytes of mice 

treated with TCV and H22p-CNTs showed an enhanced antitumor cytotoxic effect. 

Histological studies of the tumor tissues showed a high lymphocyte infiltration with tumor 

necrosis, whereas no lymphocytes were observed in the tumor of the controls, suggesting the 

absence of an antitumor immune reaction. To show the specificity of the antitumor immunity, 

two types of cancer cells, H22 and then two weeks later epithelial-mesenchymal transition 

cells, were injected in the same mice, cured after the first treatment. Mice were able to reject 

the inoculated H22 cancer, but in the second case the tumor grew forming a consistent mass. 

Even if the exact immune mechanism was difficult to explain by the authors, this work 

demonstrates the specific antitumor immune response enhanced by CNTs conjugated with 

H22p. The most reasonable mechanism hypothesized by the authors relies on the capability of 

CNTs as delivery system, which could carry efficiently H22p to the antigen presenting cells 

of the immune system. 

Another antitumor immuno-strategy recently developed involves the functionalization of 

CNTs with a stimulator of both innate and adaptive immune systems, namely CpG 

oligodeoxynucleotides.30,31 CpGs are known ligands for intracellular toll-like receptor-9 

(TLR9), which after CpG stimulation brings to the inhibition of tumor growth as 

demonstrated in glioma model.32 For this purpose, SWCNTs were used to enhance the cellular 

uptake of CpG, which alone showed a low capacity to cross cell membrane and low 

physiological stability. In our group, we investigated the effect of positively charged CNTs 

complexed with ODN CpG 1668 on the immune system in vitro, observing an increased 

immunostimulation.30 More recently, the group of Badie reported a different functionalization 

of SWCNTs with CpG, in which CNTs were firstly modified non-covalently with a DSPE-

PEG chain.31 The PEG chain was then further modified with a sulfhydryl linker, for the 

conjugation of a thiolated CpG through a cleavable disulfide bond (Figure 2D). The in vitro 

studies using bone marrow-derived monocytes (BMM) and GL261 glioma cells incubated 

with CNTs revealed that the conjugation of CpG to CNTs enhanced the uptake of the 

oligodeoxynucleotides, but also the expression of proinflammatory cytokines and 

chemokines, due to their immunostimulator properties. Importantly, similar results were 

obtained in vivo after injection of CNTs into mice implanted with glioma cells. In addition, a 
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slower clearance of CpG was observed, in comparison to free CpG. The combination of these 

effects not only resulted in a delayed tumor growth, but also about 60% of the treated mice 

resulted cured. GL261 glioma cells were injected again in these mice, and their survival 

demonstrated that the mice developed a full immune protection against this type of cancer. A 

similar strategy was then investigated for the treatment of metastatic brain tumor.33 For this 

experiment B16 melanoma cells were inoculated into C57BL/6 mice both intracranially (i.c.) 

and subcutaneously (s.c.). Interestingly, it was observed that CNTs administered i.c. 

abrogated the growth of both i.c. and s.c. melanomas with a higher inflammatory response in 

comparison to the CNTs injected s.c., which instead caused only a predominant local 

response, with few benefits on the i.c. tumor. These findings suggest that intracranially 

injected CpG-CNTs have a potential not only in the treatment of glioma but also to cure 

metastatic brain tumor. 

 

 

Figure 2. Different strategies using functionalized CNTs and graphene for the treatment of 

cancer. 

 

Very recently, the same approach was explored by Sun et al. by using GO as nanocarrier.34 

GO and small graphene oxide (sGO) were both covalently functionalized with poly-L-lysine. 

Negatively charged CpG oligonucleotides were immobilized onto functionalized GO via 

Page 7 of 28 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



8 

 

electrostatic interactions with the amino groups of poly-L-lysine (Figure 2E). Using a labeled 

CpG-Cy3, the cellular internalization of the GO-based conjugates into RAW264.7 

macrophages was initially assessed. The immunostimulatory activity of the conjugates was 

also studied by measuring the level of secreted cytokines. The immune response observed by 

the secretion of tumor necrosis factor α (TNF-α) and interleukin 6 (IL-6) suggested a prompt 

delivery of CpG, highlighting in particular the capability of sGO to be an effective 

immunostimulator. The immunostimulatory activity of the GO-based conjugates has potential 

use as therapeutic tool in cancer treatment.  

In 2006, the group of Chen prepared complexes of SWCNTs and siRNA (small interfering 

RNA) to develop an efficient in vivo cancer treatment.35 CNTs were initially functionalized 

with 1,6-diaminohexane to obtain a positively charged material. Then, as selected gene to be 

silenced, the researchers chose the suppressor of cytokine signaling 1 (SOCS1) located into 

dendritic cells (DCs), one of the most efficient types of antigen-presenting cells (Figure 2F). 

Indeed, the silencing of this specific intracellular signal regulator was previously 

demonstrated to enhance antitumor immunity.36 After complexation of SWCNTs with 

SOCS1-siRNA, the silencing effect was assessed in bone marrow-derived DC antigen-

presenting cells. It was also observed that the silencing of SOCS1 caused an increase of the 

antigen-presenting functions of DCs. In vivo studies were conducted on C57BL/6 mice, by 

administration of the SOCS1-siRNA/CNT complexes one day after B16 tumor cells 

inoculation. An effective retardation on tumor growth was observed after 15 days, confirming 

that the animals developed an antitumor immunity.  

To overcome the problem of multidrug resistance in cancer treatment, Li et al.37 

functionalized CNTs with doxorubicin and an antibody recognizing the P-glycoprotein (anti-

P-gp), which is overexpressed in multidrug resistant cells. This overexpression causes an 

increased efflux of anticancer drugs. In this work, the antibody was covalently bound to the 

carboxylic group of oxidized SWCNTs by amidation. Doxorubicin was then adsorbed onto 

the nanotube surface by π-π stacking (Figure 2G). The capability of the constructs to target 

specifically multidrug resistant tumor cells was studied using human leukemia cells sensitive 

or resistant to the drug (K562S and K562R, respectively), revealing a more than 20-fold 

higher targeting of multidrug resistant cells, than the others. Cells were then exposed to NIR 

radiation to induce the release of the drug from the CNT surface. A significant enhanced 

cytotoxic effect was observed in comparison to the free doxorubicin, confirming the 

promising properties of this drug delivery system. 
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In a recent study, Sacchetti et al. showed the possibility to target regulatory T cells (Treg) 

using SWCNTs functionalized with a specific antibody.38 Treg is a subset of T cells, which is 

intensively studied for tumor immunotherapy because they are exploited by tumors to protect 

themselves from host antitumor responses. In this work, the sidewalls of SWCNTs were non-

covalently functionalized with PEG-modified phospholipids and then a specific targeting 

antibody was anchored directly on the PEG chain, via a biotin-neutravidin interaction. The 

selected ligand was DTA-1, a specific antibody for GITR (glucocorticoid-induced TNFR-

related receptor), which is a marker preferentially expressed on the surface of Treg and is 

overexpressed in intratumor cells than in peripheral cells. In vivo experiments were conducted 

on C57BL/6J mice bearing B16 melanoma, using DTA-1-SWCNTs labeled with a NIR-

emitting fluorophore. The targeting of Treg cells was confirmed as the majority of CNTs was 

found into these cells and not into the other cells. In particular, the CNT conjugate was 

uptaken preferentially in the tumor compared to other tissues, as a consequence of the EPR 

effect and of the selective and efficient targeting of tumor Treg by DTA-1. 

Overall, the studies conducted on the use of CNTs conjugated to antibodies for cancer 

treatment highlight the versatility of this type of nanomaterials. The extended available 

surface of the nanotubes allows the covalent binding or the adsorption of different bioactive 

molecules at high density. Moreover, the intrinsic physico-chemical properties of CNTs allow 

enhancing the cellular uptake of ligands attached to the tubes, thus allowing to modulate the 

immune responses. In addition, the capability of CNTs to absorb NIR light opens attractive 

opportunities to kill targeted cancer cells. 

 

Imaging 

The high specific surface area is one of the key characteristics of carbon-based nanomaterials 

that permits to append multiple molecules on their surface. This is particularly interesting for 

imaging applications, because this approach allows the anchoring of a targeting antibody and 

a radioisotope, offering the possibility for in vivo imaging of cancer by different techniques, 

such as PET (positron emission tomography) or SPECT (single-photon emission computed 

tomography) (Table 2). 

 

Table 2. Characteristics of CNT and graphene conjugates used for imaging. 

Type of carbon 
nanomaterial 

Bioactive molecules Functionalization In vitro studies In vivo studies Reference 

SWCNTs Rituximab/
111

In Covalent Daudi cells ‒ 39 

SWCNTs 
Anti-E4G10/

225
Ac and 

anti-E4G10/
89

Zr 
Covalent ‒ NCr 40 
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SWCNTs 
MORF/

111
In and 

MORF/
225

Ac 
Covalent Daudi cells SCID mice 41 

GO and rGO 
Anti-TRC105/

64
Cu and 

anti-TRC105/
66

Ga 

Covalent and 

non-covalent 

HUVEC and MCF-7 

cells 

Mice bearing 4T1 

tumor 
43, 44, 45 

GO Trastuzumab/
111

In Covalent MDA-MB-231 BALB mice 46 

 

The group of Scheinberg did pioneering studies on the functionalization of CNTs with 

antibodies and their use in vitro and in vivo. In 2007, they reported the functionalization of 

SWCNTs with a specific antibody for the targeting of CD20 on human Burkitt lymphoma 

cells.39 SWCNTs were first functionalized by 1,3-dipolar cycloaddition using a TEG chain. 

Then, a fraction of the terminal amine groups was further modified with DOTA (1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid), whereas the remaining free amine 

functionalities were derivatized with a maleimide linker. This latter reactive group was the 

site for the conjugation of the targeting anti-CD20 antibody (Rituximab) via sulfhydryl groups 

introduced by the Traut’s reagent (Figure 3A). After labeling Rituximab-CNTs with a 

fluorescent probe, the material was incubated with CD20+ Daudi cells and the targeting of the 

conjugates was assessed by flow cytometry. The radiolabeled conjugate was then investigated 

in vivo after chelation of DOTA with 111In. GFP+/FFLuc+ Daudi cells were inoculated into 

Scid mice and after 28 days the radioactive CNTs with or without the targeting antibody were 

injected. Biodistribution studies revealed that the effective targeting of the tumor was 

obtained only with Rituximab-CNTs, whereas no specific tumor localization was observed for 

the radiolabeled material alone. 

In another work using a similar synthetic approach, SWCNTs were functionalized with the 

E4G10 antibody that targets the monomeric vascular endothelial-cadherin expressed in the 

tumor angiogenic vessels.40 As chelating agents, DOTA and DFO (desferrioxamine B) were 

used for the complexation of 225Ac or 89Zr, respectively (Figure 3B). In vivo studies conducted 

on NCr mice bearing xenograft tumors showed that the targeting was effective. By using 89Zr-

E4G10-SWCNTs, it was possible to observe by PET a rapid and specific accumulation of 

CNTs into the tumors. The presence of the second radionuclide was exploited for its 

characteristic decay through emitting cytotoxic alpha particles. Administration of 225Ac-

E4G10-SWCNTs into the tumor-bearing mice led to a clear decrease of the tumor volume. 

This work highlights the versatility of functionalized CNTs. Indeed, by using the same 

conjugate and changing only the type of radioisotope, the functionalized CNTs can be used in 

combined modalities for imaging with 89Zr, and for therapeutic intervention with 225Ac. 

Recently, the same group reported an innovative two-step approach to target tumor cells using 

SWCNTs.41 This strategy relies on the administration of a tumor-selective antibody followed 
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by the administration of a cytotoxic drug or an imaging probe with high affinity for the 

antibody. This permits a first pre-targeting by a long-circulating antibody, which is usually a 

slow process, and a subsequent second targeting mediated by the interaction between the 

antibody and a specific recognition molecule. This second step is preferred to be fast to 

achieve a rapid clearance of the cytotoxic agent. In this context, CNTs were used for their 

capacity to carry the therapeutic/diagnostic agent and the recognition molecule. A 

morpholino-modified 18-mer oligonucleotide (MORF) was used as complementary 

recognition unit to bind the antibodies to CNTs through self-assembly of oligonucleotides 

base-pairing.42 From a synthetic point of view, the functionalization of SWCNTs was 

performed by 1,3-dipolar cycloaddition to introduce pyrrolidine rings onto the nanotube 

surface. A fraction of the terminal amine functions was modified with the morpholino 

oligonucleotides. The remaining amine groups were derivatized with DOTA for chelation of 
111In or 225Ac (Figure 3C). Preliminary in vitro studies showed the effective tumor targeting 

and the recognition between the antibodies linked to its cell receptor and the CNTs, which 

form clusters on the cellular membrane. SCID mice with xenografted solid tumor were first 

pre-treated with specific MORF-antibodies and then MORF-111In-SWCNTs were 

administered into mice. The accumulation of the CNTs into the different organs was 

quantified, revealing a specific retaining into the tumor, due to the interactions between the 

antibody and the MORF moiety on the CNTs. Following these promising results, MORF-
225Ac-SWCNTs were then tested for anticancer activity. Mice implanted with Daudi 

lymphoma cells (CD20+ B cells) were treated with specific MORF-antiCD20 antibodies and 

subsequently with MORF-225Ac-SWCNTs. This multistep approach resulted in an effective 

eradication of the tumor 15 days after the treatment, revealing the therapeutic potential of this 

novel targeting strategy. 
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Figure 3. Different functionalization of CNTs used for imaging. 

 

Graphene and in particular graphene oxide (GO) are considered as promising alternative 

materials to CNTs and since their discovery many groups showed their potential applications 

in nanomedicine.11 As GO contains different oxygenated species, it is dispersible in water and 

it presents attractive properties for biological applications. 

The group of Cai demonstrated the effective possibility to use antibody functionalized- and 

radiolabeled-graphene for targeting tumor with the final purpose to use them for PET 

imaging. In different studies, reduced graphene oxide (rGO)43 (Figure 4A) or graphene oxide 

(GO)44,45 (Figure 4B) were functionalized with a PEG chain non-covalently or covalently, 

respectively, and then TRC105 antibody was covalently coupled to the polymer. This 

antibody is a murine chimeric IgG1 monoclonal antibody, which specifically binds to both 

human and murine CD105 (endoglin), almost exclusively expressed on proliferating tumor 

endothelial cells, thus resulting as an ideal marker for tumor angiogenesis. Amino-PEG 

modified GO or rGO were partly labeled with FITC (fluorescein isothiocyanate) or NOTA 

(1,4,7-triazacyclononane-1,4,7-triacetic acid), a chelator for Ga and Cu. The remaining free 

amines of PEG were then linked to TRC105 via a maleimido moiety. 64Cu (on GO or on 
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rGO)43,43 or 66Ga (on GO)45 were complexed to NOTA present on the PEG chain. HUVEC or 

MCF-7 cell lines, which are characterized by a high and low expression of the CD105 

receptor, respectively, were incubated with the conjugates. The high fluorescent signals 

detected into HUVEC and not into MCF-7 cells were indicative of an efficient targeting. After 

complexation with radioactive 66Ga or 64Cu isotopes, the conjugates were administered into 

mice bearing 4T1 tumor. PET analysis revealed a significant level of graphene material in the 

tumor area, confirmed by histological analysis of the tissues. Immunofluorescence analysis 

was then performed ex vivo on slices of specific tissues, staining CD105 with TRC105-

graphene and the vasculature using CD31. A co-localization of both CD105 and CD31 was 

observed into the tumor, indicating an effective specific targeting tumor vasculature mediated 

by TRC105. On the other hand, by analyzing other organs, like spleen and liver where 

graphene was detected by PET, there was no overlay of the two stained receptors, suggesting 

a main capture of the material by macrophages, rather than a targeting of CD105. This is the 

first report of tumor targeting by graphene through antibody recognition. This work paves the 

way to future use of graphene as a platform for drug delivery and photothermal therapy. 

Recently, using a similar approach, Cornelissen et al. described the targeting and SPECT 

imaging of tumors using graphene oxide.46 GO was covalently functionalized with 

Trastuzumab, an anti-HER2 antibody. Then, the metal ion chelator 2-(4-aminobenzyl)-

diethylenetriaminepentaacetic acid (BnDTPA) was adsorbed by π-π stacking onto the surface 

of GO and 111In was complexed to DTPA for radiolabeling studies (Figure 4C). The effective 

targeting of HER2-positive cell line by the functionalized GO was proved in vitro. 

Subsequent in vivo investigations were then conducted in both a xenografted and a 

spontaneous breast cancer model. SPECT imaging revealed a significant accumulation of GO 

into the tumor, probably due to a combined effect of the targeting properties of the antibody 

and the EPR effect, with a rapid clearance from the circulation.  
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Figure 4. Graphene-based conjugates functionalized with antibodies for imaging. 

 

Vaccination 

In the field of vaccination, the development of novel and efficient delivery strategies for the 

administration of protecting antigens is still challenging. In this context, carbon nanomaterials 

and in particular CNTs are promising because of their capacity to be internalized into a wide 

variety of cell types with minimal cytotoxicity.47 CNTs can therefore be exploited as carrier to 

administer vaccines by boosting the efficacy of antigens that cannot induce a sufficient and 

suitable response (Table 3).48  
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Table 3. Characteristics of CNT conjugates used for vaccination. 

Type of carbon 
nanomaterial 

Bioactive molecules Functionalization In vitro studies In vivo studies Reference 

SWCNTs 

Peptide from the foot-

and-mouth disease 

virus 

Covalent BHK 21 cells BALB/c mice 49, 50 

MWCNTs 

Plasmodium vivax 

apical membrane 

antigen-1 peptide 

Covalent ‒ 

Infected 

Plasmodium 

berghei mice 

51 

SWCNTs 
WT1 epitope bearing 

peptide 
Covalent 

Human monocyte-

derived DCs 

NIH-3T3 fibroblasts 

CD4 T cells 

BALB/c mice 52 

MWCNTs None ‒ ‒ 

MC38 murine colon 

cancer xenografted 

C57 BL/6 mice 

53 

SWCNTs 

Tuberculin purified 

protein derivative 

from M. tuberculosis 

Covalent 

Spleen 

monocyte/macrophages 

Mouse peritoneal 

macrophages 

BALB/c mice 54 

 

 

In 2003, we first proposed the use of the CNTs for vaccination use by conjugating an antigen 

peptide.49 For this purpose, we functionalized CNTs with a peptide from the foot-and-mouth 

disease virus (FMDV), corresponding to the 141-159 region of the viral envelope protein 

VP1. This peptide was known to elicit neutralizing antibody responses that can afford 

complete protection of cattle against the disease. The peptide was covalently grafted to 

SWCNTs by a chemoselective approach (Figure 5A). The nanotubes were first functionalized 

via 1,3-dipolar cycloaddition to introduce a triethylene glycol chain terminated by an 

ammonium group, which was subsequently derivatized with a maleimide linker. The N-

terminal acetylated FMDV peptide, containing a cysteine at the N-terminal position, reacted 

with the maleimido-CNTs via a thiol-ene reaction. Surface plasmon resonance showed that 

the epitope structure of the peptide retained its antigenic form after conjugation to the CNTs. 

In addition, the enzyme-linked immunosorbent assay (ELISA) indicated that the peptide-CNT 

conjugate was recognized by polyclonal and monoclonal antibodies generated against the 

peptide. Both experiments suggested that the peptide covalently linked to the CNTs adopts the 

correct secondary conformation for antibody recognition. The peptide-CNT conjugate 

resulted also immunogenic, eliciting virus-neutralizing antibody responses in mice, while the 

CNTs non-functionalized with the peptide did not show intrinsic immunogenicity.50 This 

behavior was indicative of a successful presentation of the peptide linked to the CNTs in vivo. 

This work pointed out the potential of CNTs as carrier since no antibodies against the CNT 

structure were elicited. Thus, the antibodies were highly specific and the development of 

peptide-CNT conjugates could find applications for vaccine delivery and diagnostic purposes. 
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Figure 5. Different types of CNTs (functionalized or non-functionalized) used for the 
development of new vaccination strategies for the treatment of different diseases. 
 

In another study, we conjugated a Plasmodium vivax apical membrane antigen-1 (AMA-1) 

peptide to MWCNTs for the treatment of malaria (Figure 5B).51 AMA-1 is a promising 

vaccine against Plasmodium, in the pre-erythrocytic and asexual blood stages, which bring to 

the mature form of the parasite. The peptide was covalently coupled to maleimido-

functionalized MWCNTs via a chemoselective ligation. The immunological characterization 

of the peptide-MWCNT conjugate indicated that the AMA-1 peptide was properly presented 

as the correct antigenic conformation was preserved and recognized by polyclonal antibodies. 

In vivo experiments using an infected Plasmodium berghei mouse model indicated that the 

conjugate had similar immunological properties compared to the peptide alone as it can 

protect or delay malarial infection. The immune response was peptide-specific and not 

directed towards CNTs, proving again that the nanotubes were not intrinsically immunogenic, 

resulting in an antigen-specific immune response. Based on our studies, the peptide 

presentation by functionalized CNTs to the immune system in vitro and in vivo is a promising 
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approach for the development of new synthetic vaccine formulation based on carbon 

nanomaterials. 

Scheinberg and coworkers have used CNTs as antigen carrier to improve vaccine therapy 

against other type of diseases and in particular cancer.52 The Wilm's tumor protein (WT1) is 

overexpressed in many human leukemias and other cancers and it is widely used in human 

trials as a cancer vaccine. Binding and presentation of clinically relevant cancer-associated 

peptide antigens by the major histocompatibility complex molecules of the antigen presenting 

cells allow inducing an effective immune response. But, these peptides are weakly 

immunogenic, a known characteristic of human tumor antigens. A solution to overcome this 

issue relies on the use of carbon nanomaterials to improve the immunogenicity of this type of 

peptides. In this study, SWCNTs were functionalized by 1,3-dipolar cycloaddition to generate 

amino groups on the sidewall (Figure 5C) that were further derivatized to introduce 

benzaldehyde. The reaction between the aromatic aldehyde and a suitable N-terminal 

hydrazine-modified peptide led to the formation of a covalent hydrazone bond, which is stable 

in physiologic conditions enough to perform cellular internalization and trafficking studies. 

For uptake studies, the peptide was also labeled with fluorescein moieties, whereas the 

SWCNTs were functionalized with a near-infrared fluorophore. The peptide and the 

nanotubes colocalized in peripheral vesicles and in a perinuclear compartment of the dendritic 

cells without affecting the cell viability. The conjugation of the peptide to SWCNTs 

maintained, but did not enhance the peptide-specific helper CD4 T cell response in vitro. 

However, mice immunized with the same conjugate and an adjuvant elicited enhanced 

specific IgG responses against the peptide. Control experiments demonstrated that the 

nanotube scaffold itself was non-immunogenic, while the peptide alone did also not induce an 

immune response in the presence of the adjuvant. This work demonstrates that CNTs can 

improve the immunogenicity of poorly immunogenic therapeutically relevant peptides. 

The lack of appropriate activation of lymphocytes is one reason explaining the failure of the 

immune system to eradicate tumors. Embryonic stem cells (ESCs) can be used as cancer 

vaccine to stimulate biological systems for destruction of colon cancer cells by eliciting an 

enhanced immune response. ESCs prevent and control the proliferation and expansion of 

malignant tumors in vivo via the de novo formation and maturation of CD4+ and CD8+ T 

lymphocytes. With the objective to reach a stronger antitumor immunity by exploiting the role 

of ESCs in the proliferation of lymphocytes and the immunomodulating properties of CNTs, 

administration of non-functionalized MWCNTs and ESCs was performed in tumor-bearing 

mice (Figure 5D).53 In this study, C57 BL/6 mice inoculated with malignant colon cells were 
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immunized with MWCNTs and ESCs, injected separately. The mice displayed remarkable 

suppression of both proliferation and development of malignant colon tumors in comparison 

to mice administered with only MWCNTs or ESCs. An enhanced proliferation of both CD4+ 

and CD8+ lymphocytes, which are the main antitumor effector cells, was observed in the 

spleen of mice treated with the combination of MWCNTs and ESCs in comparison to the 

controls. The cytokine secretion also increased. The experiments suggest that the antitumor 

effect due to MWCNTs stems from the generation of IFN-γ (interferon γ) and TNF (tumor 

necrosis factor) secreting CD8+ cells. Overall, this work points out the potential of carbon 

nanotubes as anticancer immunization agents. 

Other studies have reported the use of CNTs as scaffold for the development of vaccines, in 

particular against tuberculosis. This disease is still considered as an important health concern 

worldwide. Tuberculosis can be prevented by vaccination, but this treatment is not always 

efficient. The disease causes about two million deaths per year; therefore there is a strong 

need to develop an improved vaccine. The current therapeutic strategy using live attenuated 

bacille Calmette-Guerin (BCG) vaccine is limited by potential risks as it is an attenuated 

whole-organism viral vaccine. To overcome this limitation, a solution consists in using 

specific macromolecules derived from the pathogen. In this context, tuberculin purified 

protein derivative (PPD) from M. tuberculosis was conjugated to carboxylated SWCNTs 

(Figure 5E).54 The cytotoxicity studies of the PPD-SWCNT conjugate showed no decrease in 

cell viability, neither nitric oxide production on splenocytes and peritoneal macrophages. The 

PPD-SWCNTs were then administered into BALB/c mice to evaluate the immune responses, 

in comparison with BCG, PPD alone, and PPD in a Freund’s adjuvant emulsion (i.e. an 

antigen solution emulsified in mineral oil and used as an immunopotentiator). The 

immunization of mice with free PPD or PPD in Freund’s adjuvant resulted in a T-helper type 

2 (Th2) cytokine response (IL-5 and IL-10), whereas a mixed Th1 (IFN-γ and IL-12)/Th2 

cytokine response was measured in the case of BCG. On the contrary, the PPD-SWCNT 

conjugate induced a Th1-type cytokine response. As the protection against tuberculosis 

depends on the activation of Th1 immune response, this study shows that the vaccination with 

such conjugates could be an alternative strategy to BCG for immunization against M. 

tuberculosis in developing countries. 

 

Immunomodulation 

Few studies have also investigated the potential of CNTs to enhance and modulate immune 

responses. Indeed, an alternative approach for cancer immunotherapy relies on the stimulation 
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of T cell immune responses against tumors via immunization with tumor antigens or by 

adoptive cell transfer therapy. T cells have a crucial role for initiating and maintaining 

immune responses (Table 4).  

 

Table 4. Characteristics of CNT conjugates used for immunomodulation. 

Type of carbon 
nanomaterial 

Bioactive molecules Functionalization In vitro studies In vivo studies Reference 

SWCNTs Anti-CD3 antibody Non-covalent T cells  55, 56 

SWCNTs 

Major 

histocompatibility 

complex class-I loaded 

with a SIIN peptide 

Non-covalent T cells ‒ 57 

MWCNTs None ‒ ‒ 
Hepatocarcinoma 

tumor-bearing mice 
58 

MWCNTs None ‒ 

T cells (Jurkat cells) and 

monocytes (THP1 cells 

and isolated human 

primary monocytes) 

‒ 59 

MWCNTs 

Active agonist of 

antiviral TLR7 receptor 

(7-TOG) 

Covalent 
Human monocyte-

derived (Mo) DCs 
‒ 60 

MWCNTs None ‒ Human myeloid DCs ‒ 61 

 

 

Oxidized SWCNTs have been used as platform for physical adsorption of anti-CD3 

antibodies, which are known to stimulate T cell proliferation, in order to enhance cellular 

activation (including both the magnitude and kinetics of T cell stimulation) (Figure 6A).55 The 

clustering of these antibodies into the defect regions of SWCNTs created by the oxidative 

treatment led to an effective T cell stimulation. This effect can be explained by an increased 

avidity of interaction to the antigen-presenting surface due to the formation of T cell antigen 

clusters, resulting in an enhanced recognition. It is known that antigen-presenting cells cluster 

antigenic ligands upon interfacing with T cells to increase the T cell response. In addition, the 

high specific surface area of SWCNTs allows adsorbing a high amount of proteins. The 

stimulation was more effective compared to similar concentrations of anti-CD3 alone. 

Moreover, the adsorption of the antibody onto other high surface area materials such as 

activated carbon, polystyrene nanoparticles, and C60 fullerenes, did not result in equivalent 

levels of activation. Fluorescence resonance energy transfer microscopy showed the formation 

of large antibody stimuli clusters (5 to 6 µm) and a close inter-antibody distance (about 4.5 

nm) on the surface of oxidized SWCNTs.56 This work points out the potential of CNTs as a 

platform for artificial antigen presentation and efficient activation of lymphocytes. This 

therapeutic modality is certainly promising in immunotherapy, in particular for the 
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development of artificial antigen-presentation platforms for ex vivo T cell stimulation and 

expansion in adoptive immunotherapy. 

In a following study conducted by the same research group, the major histocompatibility 

complex class-I (MHC-I) loaded with a SIIN peptide was adsorbed on the sidewall of 

oxidized SWCNTs (Figure 6A).57 The MHC-I complex was found to be denaturated when 

directly adsorbed on the nanotube surface. To preserve the active conformation, an alternative 

strategy was proposed by adsorbing neutravidin onto the oxidized SWCNTs, followed by 

non-covalent immobilization of the biotinylated MHC-I complex. In this case, the T cell 

response was enhanced more than three-fold compared to the soluble control in similar 

conditions. This result shows that protein adsorption can also be exploited to engineer CNTs 

for efficient presentation of MHC-I complexes for the antigen-specific stimulation of T cells. 

CNTs have also been used as immunomodulator to boost the host immune activity in tumor-

bearing mice.58 Subcutaneously administered oxidized MWCNTs induced significant 

activation of the complement system, promoted the production of inflammatory cytokines and 

activated macrophages (Figure 6B). These immunological responses inhibited the tumor 

growth progression. The oxidized MWCNTs were mainly taken up by macrophages that had 

been activated to perform phagocytosis. No sign of inflammation or accumulation of the 

CNTs in the liver, kidneys and spleen were observed. In addition, the nanotubes did not 

diffuse into the tumor cells. Thus, the tumor regression was not due to possible accumulation 

of CNTs into the tumor mass, but to immunomodulation induced by the tubes. Some 

cytokines, which are relevant to enhance the immune functions of macrophages, T and B 

cells, were found to be upregulated. Therefore, this study gives attractive future perspectives 

for the use of CNTs as a new class of adjuvant in antitumor immunotherapy. 
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Figure 6. Immunomodulation strategies using different types of functionalized CNTs. 

 
Delogu and coworkers recently demonstrated the potential of CNTs as immunomodulators.59 

Using whole genome expression microarray technology, real-time polymerase chain reaction, 

and ELISA, transcriptomic changes induced by different types of functionalized CNTs in 

human immune cells (adaptive and innate) were evaluated. The types of MWCNTs used in 

this study differ in terms of diameter (i.e. 9.5 and 20-30 nm) and functionalization (oxidized 

and amino-functionalized MWCNTs) (Figure 6C). Three of the functionalized CNTs (i.e. 20-

30 nm oxidized MWCNTs and both amino-functionalized MWCNTs) were able to activate 

immune-related pathways in monocytes, but not in T cells. These pathways are usually 

activated during acute inflammatory processes, for instance in the case of immune-mediated 

tumor rejection and clearance of pathogens. The fourth type of CNTs (i.e. 9.5 nm oxidized 

MWCNTs) was found to downregulate genes associated with ribosomal proteins in both T 

cells and monocytes. These findings reveal that different CNTs can modulate the whole gene 

expression on immune cells. The CNTs activating the monocytes behave as cell specific 

immunostimulator, which opens new opportunities for use as immunotherapeutic agents 

and/or vaccine adjuvants. 
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The potential of CNTs as carrier has also been exploited to improve the immunogenic 

potential of DCs for cancer therapy.60 A Toll-like receptor (TLR) agonist has been conjugated 

to CNTs for use as DC-based vaccines. For this purpose, oxidized MWCNTs have been 

covalently functionalized with 7-thia-8-oxoguanosine (7-TOG), which is an active agonist of 

antiviral TLR7 receptor located within endosomal compartments (Figure 6D). The activation 

of TLR7 leads to the maturation and migration of DCs, and to the improvement of the Th1-

type immune response that could result in the eradication of tumor cells. The 

immunomodulatory effects of 7-TOG/CNTs on human DCs were investigated and their 

ability to stimulate human monocyte-derived (Mo) DCs was assessed. The 7-TOG/MWCNT 

conjugate was found to up-regulate CD86 expression, allostimulatory activity, Th1- and 

Th17-polarizing capability of MoDCs. Such capability to activate MoDCs was not observed 

using the same concentration of 7-TOG or a mixture of oxidized MWCNTs and 7-TOG. 

Similar Th-polarizing capability was induced with only 10-times higher concentrations of 7-

TOG. The higher efficacy of the covalent conjugate may stem from a higher intracellular 

concentration of 7-TOG thanks to the capacity of CNTs to penetrate into cells. Indeed, the 7-

TOG-MWCNTs were localized within the TLR7+ endocytic compartments of MoDCs, thus 

correlating well with higher expression of TLR7 in these compartments. This work 

demonstrates the potential use of CNTs as carrier of biostimulators of endosomal TLRs for 

the immunostimulation of DCs in cancer therapy. 

The physico-chemical properties of CNTs can be exploited also in tissue engineering, in 

particular as scaffold for bone regeneration and the formation of cultured synaptic network. In 

a study by Ballerini and coworkers, it has been shown that solid tissue-growth platforms 

modify the adhesion properties of dendritic cells, which are professional antigen-presenting 

cells, and initiate different inflammatory responses.61 DCs are regulators of innate and 

adaptive immune responses or of tolerance induction. Artificial scaffolds can modify the 

adhesion of circulating DCs and tune immunogenic reactions. In this context, the interactions 

between functionalized MWCNT-based scaffolds and human myeloid DCs have been 

investigated. MWCNTs were functionalized by 1,3-dipolar cycloaddition with heptanal and 

sarcosine to introduce alkyl groups on the nanotube surface (Figure 6E). A lower 

immunogenic profile of in vitro differentiated and activated DCs was observed when in 

contact with MWCNTs. Indeed, the DCs entangled to MWCNTs did not activate cell death 

programs. Interestingly, the DCs rather underwent a phenotypic and functional shift. This 

study demonstrates that a carbon material modified substrate is able to tune cell functions by 

Page 22 of 28Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



23 

 

intimate interactions with cells. Due to their morphology and physico-chemical properties, the 

CNTs can modulate DC-mediated immune function. 

 

Conclusions 

Carbon nanomaterials have a great potential in the biomedical domain thanks to their capacity 

to penetrate into cells. Within the different applications that have been envisaged, there are 

interesting perspectives in immunotherapy. This therapeutic modality concerns the treatment 

of a disease by inducing, enhancing, or suppressing an immune response. In the case of 

antitumor vaccination, it is fundamental to activate the immune response, while for certain 

types of immune disease the responses need to be modulated or even suppressed. The 

possibility to chemically modify carbon nanomaterials allows to create new systems that can 

be adapted to the specific immune intervention. Covalent and non-covalent functionalization 

of carbon nanotubes or graphene can be applied to conveniently attach targeting antibodies, 

imaging probes and/or anticancer drugs. The combination of these three components can 

afford multifunctional systems that serve simultaneously for therapeutic and diagnostic 

purposes. We have here presented a series of interesting studies that have shown the potential 

of carbon nanomaterials in immunotherapy as they are able to increase the response to tumor 

antigens or to display immunomodulation effects. In addition, few studies have shown that 

carbon nanotubes are non-immunogenic, a key factor for the development of nanomaterials or 

nanoparticles as carriers for synthetic vaccines. Taking into consideration the fact that the 

toxicity of carbon nanomaterials can be also alleviated by using appropriate chemical 

approaches,21 we believe that this field of research deserves future development and we would 

like to encourage further investigations for optimizing the conditions and allowing translation 

into future clinical studies.   
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The possibility to exploit carbon-based nanostructures such as carbon nanotubes and graphene as 

immunotherapeutic agents has interesting future perspectives. In particular, their application for 

anticancer treatment, imaging and vaccine development, together with their immunomodulator 

properties are highlighted. 
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